Mouse prion protein PrP106-126 is a peptide corresponding to the residues 107-127 of human prion protein. It has been shown that PrP106-126 can reproduce the main neuropathological features of prionrelated transmissible spongiform encephalopathies and can form amyloid-like fibrils in vitro. The conformational characteristics of PrP106-126 fibril have been investigated by electron microscopy, CD spectroscopy, NMR and molecular dynamics simulations. Recent researches have found out that PrP106-126 in water assumes a stable structure consisting of two parallel β-sheets that are tightly packed against each other. In this work we perform molecular dynamics simulation to reveal the elongation mechanism of PrP106-126 fibril. Influenced by the edge strands of the fibril which already adopt β-sheets conformation, single PrP106-126 peptide forms β-structure and becomes a new element of the fibril. Under acidic condition, single PrP106-126 peptide adopts a much larger variety of conformations than it does under neural condition, which makes a peptide easier to be influenced by the edge strands of the fibril. However, acidic condition dose not largely affect the stability of PrP106-126 peptide fibril. Thus, the speed of fibril elongation can be dramatically increased by lowering the pH value of the solution. The pH value was adjusted by either changing the protonation state of the residues or adding hydronium ions (acidic solution) or hydroxyl ions (alkaline solution). The differences between these two approaches are analyzed here.
Introduction
The cellular prion protein (PrP C ) is a neuronal cell-surface glycoprotein. It is bound to the plasma membrane by glycosylphosphatidylinositol anchor [1] . A conformationally altered form of PrP C , called the scrapie form prion protein (PrP Sc ), can cause various transmissible spongiform encephalopathies (TSEs), such as bovine spongiform encephalophathy in cattle and scrapie in sheep [2, 3] . PrP Sc  can aggregate and form amyloid plaques in the brain. The structure of PrP Sc  has been investigated by NMR experiments [4] [5] [6] [7] [8] , whereas structures of PrP Sc  remain elusive. The two isomers of PrP have dramatically different structure: PrP C is almost helical, with 47% α-helix and 3% β-structure. However, PrP
Sc contains about 40% β-structure [9, 10] and is proteinase K resistant (PrP-res) [9, 11, 12] .
Prion protein is composed of a structured globular C-terminal domain and an unstructured N-terminal. Analysis of deletion mutants showed that only deletion of segments 95-107, 108-121 or 122-140 could abolish the conformational transition from PrP C  to PrP Sc [17] . The fragment 106-126 is located within this region and has been found to adopt different conformations under different solution conditions [18, 19] . This fragment of prion protein can reproduce the main neuropathological features of prion-related transmissible spongiform encephalopathies [20, 21] and thus is used to investigate the mechanism of fibril formation and prion induced cell death. Experimental investigations found that PrP 106-126 and similar fragments can form fibril under acidic solution conditions [14, 22, 23] . (Researches on PrP also showed that acidic pH is capable of inducing the conformational change from PrP C to PrP Sc  [13, 14] and molecular dynamics simulations [15, 16] are consistent with these results.) Electron Microscopy, CD Spectroscopy, NMR Spectroscopy, as well as molecular dynamics simulations have been used to identify the structural properties of the fragment 106-126 fibril [23] [24] [25] . It is found out that the fibril consists of two parallel β-sheets that are tightly packed against each other [23, 25] . However the mechanism of fibril elongation and how acidic solution condition influences the formation of the fibril remain unanswered. In this work, we try to uncover how acidic condition speed up the elongation of the fibril by molecular dynamics simulation.
In previous works concerning molecular dynamics simulation of proteins, the effect of pH is taken into consideration by changing the "protonation state" of the proteins [15] , i.e. the ionization situation of the side-chains. However, we control the pH value by adding hydronium ions or hydroxyl ions, for the following three reasons:
1. In this polypeptide fragment, only two of the 21 residues can have different protonation state under different pH values. Changing the protonation state of these two residues does have influence on the behavior of the peptide. But in this case, the pH value is not easy to control. The R group of His residue has a pK = 6.00. Since our system included only 1-3 peptides, the difference between some pH values (for example, pH=2 and pH=4, which means 1/100 and 1/10000 His residues are differently ionized respectively) can not be distinguished by changing the protonation state of the residues.
2. The properties of this peptide are mainly determined by the hydrophobic residues which do not have different protonation states.
3. The required conditions to observe the effects of pH values within the limited simulation time are actually pH=1-2 and pH=13-14.
By adding hydronium ions or hydroxyl ions we demonstrate how these two ions affect the structure of water and fragment 106-126. When surrounded by pure water, the fragment adopts a hairpin structure in most of the simulation time and this prevent the elongation of the fibril. When we add hydronium ions into water, the fragment adopts a more variety of structures, which facilitate the influence of the edge strands of the fibril to this peptide. It then forms β-structure along the edge strands and becomes a new element of the fibril.
Simulation Methods

Peptide, Condition and Forces
The PrP 106-126 fragment sequence Thr-Asn-Met-Lys-His-Met-Ala-Gly-Ala-Ala-AlaAla-Gly-Ala-Val-Val-Gly-Gly-Leu-Gly-Gly is mainly composed of hydrophobic residues and is found to assume a double β-sheet fibril in water in previous investigations [23, 25] . In our simulation, all the atoms within the peptide and water solution are considered explicitly, and the interactions are computed using the GROMOS-96 force field [27, 33] . Bond stretching, bending angles, dihedral potentials and non-bonded (van der Waals and electrostatic) interactions with 1nm-cutoff are included. We used SPC model for water molecules [28] . The MD simulations were performed in the canonical NPT (number of particles-pressure-temperature) ensemble at 300K with periodical boundary condition using software GROMACS [26] , Version 3.2.1. Typical system size is 200 nm 3 with 5000-10000 water molecules and density 1.00 g/cm 3 . The time step in the MD simulations is 2 fs.
Molecular Dynamics Simulation
Simulation of a Single Peptide
The starting structure of PrP 106-126 fragment for simulation is β-strand generated by software Hyperchem [29] . Since β-strand is not the peptide's stable structure in water, it takes about 400 ps for the system to reach equilibrium. The simulations are conducted for 6-8 ns, and the data from 2 ns to 6 ns is saved for analysis.
Simulations under neural, acidic and alkaline conditions are all conducted. The pH value is adjusted either by (1) changing the protonation state of Lys and His or by (2) changing the protonation state of Lys and His and adding hydronium ions or hydroxyl ions into the solution. The charge distribution and bond length of the hydronium ions and hydroxyl ions are obtained by ab initio quantum mechanics calculation using software Hyperchem [29] . In many times of the simulations, these two methods give consistent results, except for that the very low and very high pH values can not be achieved by (1).
Testing the Stability of Packed Parallel β-Sheets
Two parallel β-sheets each consisting 4 PrP 106-126 fragments are packed against each other and simulated for 1 ns to test the stability of the structure [23] . Simulations are conducted under neural, acidic and alkaline conditions.
Elongation of the Fibril
The two edge strands of the packed parallel β-sheets are fixed to represent the formed fibril and a single peptide is put in the same simulation box to test the condition which can accelerate the elongation of the fibril. The simulation time is as long as 10 nm and multiple simulations under different initial conditions are conducted to test the validity of the simulation.
Data analysis
To analyze the structure of liquid water, the self diffusion coefficient [30, 32] , radial distribution function [32] , hydrogen bond autocorrelation function [30] , hydrogen bond length and angle distribution [32] are used. To analyze the structure of protein, hydrogen bond between protein residues and hydrogen bond between water and protein are analyzed. The root mean square deviation [32] between the protein at a certain time and its initial structure is also used to reveal the behavior of the protein. Since hydrogen bond forming and breaking is a fast process [34] , 50 ps simulations were conducted and the structures were saved every 0.02 ps to get such data. Due to the small size of the simulation system, large fluctuations are inevitable. Some information, like the hydrogen bond properties between protein residues can not be extracted from simulation data due to the large noise. Except for the methods mentioned above, there are some other quantities to characterize the structure of water: water molecule network characteristic time [34] , the translational order [35] and tetrahedral order [35] which is not used. The structure of protein is analyzed using software "DSSP" [31] .
Results and Discussion
Peptide Conformation
6 ns simulation data is analyzed using software "DSSP" [31] . In both neutral and alkaline conditions, the peptide is quite rigid. In contrast, the peptide is more flexible in acidic condition. In the 6 ns simulation, the peptide adopted extended, helical and hairpin structures. We list the mean number of residues which adopt helical, β  and turning structures, respectively (See Table 1 ). We can also observe a faster increase of the root mean square deviation of the protein with time under acidic condition (See Figure 1) .
To see how this happen, we simulated about 10000 water molecules with hydronium ions or hydroxyl ions (pH=2), and analyzed the radial density function (See Figure 2) , the self diffusion coefficient and water-water hydrogen bonding properties. The self diffusion coefficient of water increases when hydronium ions or hydroxyl ions are added (See Table 2 ). Changing in the water radial density function, water-water hydrogen bond autocorrelation, bond length and angle distribution are so small that can not be observed (See Figures 3, 4 
and 5).
When simulated with peptide, the water-water hydrogen bond autocorrelation gets stronger (See Figure 5) , and the protein-water hydrogen bonding autocorrelation gets weaker under acidic condition (See Figure 6) . Considering that the peptide is more flexible under acidic condition, this is consistent with the fact that water plays an important role in maintaining the structure of this peptide which is mainly composed of hydrophobic residues. At the same time, protein-water hydrogen bonds' length and angle distribution get wider under acidic condition (See Figure 7 and 9) . However, alkaline condition does not bring obvious change to hydrogen bonding properties. We also calculated the number of the protein-protein and protein-water hydrogen bonds (See Figure 8) . The number of protein-water hydrogen bonds is the smallest under acidic condition, alkaline condition also cause the number of protein-water hydrogen bonds to fall, but less obvious.
Stability of the Fibril
The tightly packed β-sheets are very stable because (1) Nearly every possible hydrogen bond between the peptides can form under such condition; (2) The hydrophobic residues can pack together at the center and reduces their direct contact with water. In the three 1 ns simulation, the peptide of the fibril is more stable under alkaline condition than under neutral condition, and it is less stable under acidic condition. However, the fibril structure is not destroyed by adding hydronium ions (See Figure 10) . It is possible that there exist a range of pH value within which single peptide is flexible enough and the fibril is stable enough to facilitate the elongation of the fibril.
Elongation of the Fibril
We fix one peptide in each of the two packed β-sheets to represent the edge strands of the fibril, and put a single peptide near (See Figure 11) . The structure of the single peptide is obtained by a 4 ns simulation in pure water. Under acidic condition, one of the residues forms hydrogen bond with one of the edge strands of the fibril. Then, inter peptide hydrogen bonds gradually form one by one to the end of the peptide. The single peptide forms β-structure along the edge strands and becomes a new element of the fibril (See Figure 12 ). This happens in three of the five simulations with different initial conditions. Under alkaline and neutral condition, the hydrogen bonds within this peptide do not break up. The resulting structure under neutral condition is a hairpin but not extended peptide (See Figure 13) . Under alkaline condition, the peptide can not become a new element of the structure (See Figure 14) .
Conclusion
We observed the elongation of the PrP 106-126 fragment fibril in molecular dynamics simulation. Basing on this observation and analysis of the simulation data under different conditions, we propose: The hydronium ions changed hydrogen bonding behavior of water and the peptide, making the peptide more flexible thus can be easily influenced by the edge strands of the fibril. When the peptide changed to a β- strand along the edge strands, it becomes a new element of the fibril. This indicates that the fibril propagates by elongation of the fibril at both ends. Only the cross sections of the fibril are infectious. If long fibril has a certain probability (which is proportional to the length) to break into two parts, this fibril elongation mechanism can cause exponential increase of the fibril. Since water molecule network characteristic time [34] , the translational order [35] and tetrahedral order [35] have not been used to treat this problem, future work may focused on using these methods to analyze the simulation data to further reveal that how hydronium and hydroxyl ions influence the hydrogen bonding behavior. Tables: Table1: Number of residues which adopt helical, β and turning structures, averaged over 6 ns simulation. 
